Abstract: Polyphosphoesters are environmentally friendly and multifunctional materials. They were noted for their special properties, i.e. fire resistance, plasticity, lubricity, high physical-mechanical performance, thermal stability, and as degradable biopolymers which properties can be modified specifically to desired application in medicine, biology and agriculture. They have a wide range of application as: flame retardants, scaffolds for tissue engineering, gene carriers, drug delivery, carriers for the sustained release of nerve growth factor, pH/thermoresponsive materials, or as solid polymer electrolytes. In this paper we present our researches concerning the synthesis and application of polyphosphates, and polyphosphonates using different modern methods. Different approaches were used. These polyphosphoesters were used as solid polymer electrolytes for lithium polymer batteries by complexation of polyphosphoesters obtained from different phospho(n)ric dichlorides and aliphatic or aromatic diols with lithium salts. These polymers present two important features: they have good conductivity, around 10 −6 S/cm, and are fire proof.
Introduction
The lithium-ion rechargeable battery, a new type of battery, was developed in the early 1990s. The automobile industry developed these batteries for hybrid vehicle and electric vehicle applications, due to enhanced consumer concerns for the environment and fuel savings, which should lead to enhanced output, efficiency, and performance. Lithium-ion polymer batteries, polymer lithium ion, or more commonly lithium polymer batteries are rechargeable batteries. During the 20 th century most synthetic polymers have been used as structural materials. In the past 20 years, they have been tailored as electron or ion conductors; when combined with appropriate salts their ionic conductivity can be used as an electrolyte. Peter V. Wright first showed in 1975 that poly(ethylene oxide) (PEO) can incorporate sodium or potassium salts, thus producing a solid electrical conductor polymer/salt complex [1] . Michel Armand realized that lithium/PEO complexes could be deploying as solid electrolytes. A lithium salt could be dissolved in a polymer matrix through direct interaction of the cation and electron pairs. The complex formed (as result of the competition between the solvation energy and the lattice energy) becomes a good conductor at 60-80 °C. Armand's short paper opened up new perspectives in the international solid-state ionics community [2, 3] . Several polymer hosts have been synthesized and characterized in the preparation of polymer electrolytes that include poly(ethylene oxide), poly(acrylonitrile), poly(propylene oxide), poly(vinylidene fluoride), poly(vinyl chloride), poly(vinylidene fluoride propylene), poly(p-phenylene terephtalamide), poly(vinyl sulfone), polyphosphoesters, etc. Only a couple of papers deal with the use of polyphosphoesters as polymer electrolytes. Dixon et al. [4] synthesized polyphosphonates in one step, using one of two routes. Samples of different experimental polyphosphonates synthesized, and a standard 50/50 (w/w) ethyl methyl carbonate/ethyl carbonate control were thermally evaluated, all with lithium perfluoromethyl sulfonimide as the ionic salt. Kim et al. [5] synthesized solid polymer electrolytes (SPE)s based on phosphate-polyether networks by polycondensation reaction of phosphorus oxychloride with polyethylene glycol/polytetramethylene glycol (70/30) copolymers. The ionic conductivity at ambient temperatures increased. Ethylene carbonate as a plasticizer was added to a phosphate-polyether polymer to improve ionic conductivity. Another class of phosphorus derivatives used as solid polymer electrolyte is polyphosphazenes. Zhou et al. [6] prepared a series of solid polymer electrolytes by cross-linking new designed poly(organophosphazenes) macromonomers. The all-solid polymer electrolytes based on these poly(organophosphazenes) had ionic conductivity of 10 −4 S cm −1 at room temperature. Liu et al. [7] }n (where x = 2-4, MExP) based polymer electrolytes. The highest conductivity at 25 °C for MExP-LiHFPSI complexes was obtained when x = 4 and the molar ratio of Li + to repeat unit was 3:8. These electrolytes were amorphous materials and were stable up to 200 °C. The ionic conductivities of SPEs prepared by UV irradiation of crosslinkable oligo(oxyethylene) branched with low molecular weight poly (organophosphazenes) macromonomers were studied by Zhou and Fang [8] . In the case of the oxyethylene repeating units of the crosslinkable oxyethylene chain were eight and the concentration of LiClO 4 is 6 %, the crosslinked all-solid poly(organophosphazene) electrolyte showed a good ionic conductivity.
In this paper we present the results obtained by us concerning the synthesis and application of polyphosphoesters, as solid polymer electrolytes for lithium polymer batteries by complexation of polyphosphoesters synthesized from phosphonic/phosphoric dichlorides and aliphatic or aromatic diols with lithium salts. This paper presents: (1) Polyphosphoesters (PPE) based on poly(propylene glycol) (PPG), phosphorus oxychloride (POCl 3 )) and 1,4-butanediolmonoacrylate (BMA) and their complexation; (2) Linear phosphorus containing copolyesters prepared by different polycondensation method: (a) solid -liquid phase transfer catalysis, (b) solution polycondensation in the presence of 1-methylimidazole as acid scavenger and (c) in the presence of triethylamine (TEA) as scavenger of HCl.
Polyphosphoesters (PPE) based on poly(propylene glycol) used as solid polymer electrolytes
Phosphorus oxychloride and 1-methylimidazole were supplied from Aldrich and were used as received. 4-hydroxybutyl acrylate and photoinitiator Darocur 4265 were supplied from BASF. NMR spectra were performed using a Brucker 300 MHz NMR spectrometer, in CDCl 3 using (CH 3 ) 4 Si as standard. Infrared spectra were performed using a JASCO-FT/IR-4200 spectrophotometer. The polymers were characterized by gel permeation chromatography (GPC), on an Evaporative Light Scattering Detector, PL-EMD 950 (2 × PL gel MIXEDC 300 ×7.5 mm columns; T = 35 °C; DMF as solvent; flow 1 mL/min; calibration with KIT polystyrene as standard). UV lamp type SUNRAY 400 SM from Uvitron International, Inc. was used for UV curing. The thermoanalytical curves were obtained with a TGA/SDTA 851-LF 1100-Mettler Toledo device, in air and heating rates of 10 deg·min −1 . AC impedance spectroscopy was used for determining ionic conductivity of the. The Autolab 302 N potentiostat/galvanostat equipped with the FRA2 impedance module was used. The membrane was sand-wiched between symmetrical cells containing stainless steel (SS) electrodes. At the point where the phase angle is zero (or close to zero), the impedance is pure ohmic, and the resistance of the membrane can be determined and used for the calculation of ionic conductivity (σ), by the following equation (1):
where: Rb -the resistance corresponding to the angle closest to zero in the Bode diagram; L -the thickness of the sample between the electrodes; A -the cross-sectional contact area of the measured sample with the electrodes. Polyphosphoester was synthesized as follow: to a mixture of 4.6 mL (0.05 mol) phosphorus oxychloride in 50 mL solvent (dicloroethane or dimethylcarbonate) is added drop-wise, under stirring, a mixture of 7 mL (0.05 mol) 1,4-butanediolmonoacrylate, 4 mL (0.05 mol) 1-methylimidazole and 40 mL solvent (dicloroethane or dimethylcarbonate). During the addition, the temperature is kept below 30 °C (cooled if necessary). After the addition, the mixture is maintained under stirring another 3 h in order to finish the process (total reaction time 4 h). In the second step, to the crude reaction product is added drop-wise, under stirring, a mixture of 8 mL (0.10 mol) 1-methylimidazole, 42 g (0.035 mol) poly(propylene glycol) 1200, and 50 mL solvent. During the addition, the temperature is kept below 30 °C (cooled if necessary). The mixture is maintained under stirring another 3 h in order to finish the process, then 1.3 mL (0.001 mol) 1,4-butanediolmonoacrylate in 5 mL solvent is added, and reaction is finished after 1 h. The last quantity of 1,4-butanediolmonoacrylate is added in order to block end chains. The 1-methylimidazolium chloride is separated. The solvent is removed by distillation under reduced pressure and reused (recovery rate 90). 1-methylimidazole is recovered from 1-methylimidazolium chloride by treating the salt with calcium hydroxide, filtration and distillation under reduced pressure (recovery rate 80 %), and reused in synthesis of phosphorus derivatives.
Complexation was performed by mixing 0.60 g Lithium triflate with 1.8 g PPE and 1.6 g TPA and kept mixture at 60-65 °C in the oven for 4 h.
For the complexation in the presence of polyaniline (PANI) certain amount of prepared dedoped PANI (0.002; 0.15; 0.29 % wt) dissolved in N-methylpyrrolidinone was added to the complexed polymer mixture. The PANI was obtained by chemical polymerization of aniline in phenylphosphinic acid (C 6 H 5 PH(O)OH, APP, Aldrich), in the presence of ammonium-peroxidisulfat as oxidant agent. The aniline/oxidant molar ratio was 1 and the aniline/organic acid ratio 0.5 under continuous stirring and cooling (temperature about 0 °C). The resulting PANI was dried in dynamic vacuum for 24 h. The product was converted to PANI-base form with ammonium hydroxide (dedoped form) [9] .
For casting the membrane, the complex was mixed with an UV initiator, 3 % Darocur4265, casted on a Teflon plate with a 6 cm long Doctor Blade device and cured using a UV Lamp. The thickness of membranes was around 100 microns.
Poly(propylene glycol) instead of poly(ethylene glycol), and 1-methylimidazole as acid scavenger were used in the synthesis of new polymers in order to improve the properties of membranes. PPG used is more amorphous polymer which increases segmental mobility. The use of 1-methylimidazole as acid scavenger leads to complete HCl removal. Also, tris(1,4-butanediolmonoacrylate) phosphate (TPA) was used as crosslinker. End chains were blocked by esterification with 1,4-butanediolmonoacrylate (or methanol). Membranes can be obtained by either UV curing or thermal polymerization using appropriate initiator after complexation with Lithium triflate.
Polyphosphoester was synthesized in two successive steps: 1. mono-1,4-butanediolmonolacrylate phosphoric dichloride was obtained and 2. esterification of this intermediate with poly(propylene glycol) (Scheme 1). The compound was characterized by 1 H NMR, 31 P NMR and IR spectroscopy. Chemical shifts for PPE are: 5.8-6.3 ppm-double bond; 3.80 ppm H from CH 2 -O-C(O); 3.50 ppm H from P-O-CH 2 ; 1.20 ppm H from -CH 2 -CH 2 -. 31 P NMR spectrum showed a peak at around 0.5 ppp characteristic for phosphates. IR spectrum showed a characteristic weak band for C=C bond at 1409 cm −1 , a characteristic band at 1723 cm −1 for acrylate and bands between 984 and 1270 cm −1 characteristic for phosphate and no bands over 3000 cm −1 showing the formation of polyester and disappearance of hydoxy groups. Molar masses of polyphosphoesters were Mw~12 KDa and polydispersity~1.4. Several membranes containing polyphosphates (PPE) obtained from poly(propylene glycol), 1,4-butanediolmonoacrylate, phosphorus oxychloride, tris(4-hydroxybutylacrylate)phosphate (TPA-synthesized in our laboratory) and Li triflate at different content (Table 1) were characterized by electrochemical measurements.
The membranes were obtained by casting the mixture of PPE, TPA and Li salt containing 3 % photoinitiator Darocure 4265 w/w versus monomers on teflon plates and by exposure to UV light. Under UV irradiation, the complex is cured and an interpenetrated network wit Li ions entrapped in network is obtained (Scheme 2).
Thermal behavior, conductivity and ionic transference number for these membranes were determined. Tests for Lithium transference number and diffusion coefficient were performed for the best membrane.
TGA/SDTA 851-LF 1100-Mettler Toledo device was used for thermal analysis. The thermoanalytical curves TG, DTG and DTA (as heat flow) were drawn up in air with heating rates of 15 °C min −1 , in the range from 25 °C to 850 °C. The thermal behavior of polymeric membranes C29, C30 and C32 in air is almost similar and shows thermal stability at a temperature till 235 °C. At a temperature in the range 66-85 °C, the mass loss at about 1.4 % is attributed to the residual solvent. The major mass loss at about 61 % for C29, 50 % for C30 and 55 % for C32 begins at about 235 °C and is completed at about 300 °C for C29, 290 °C for C30, and 314 °C for C32. This process corresponds to the decomposition of polymeric backbone of poly(propylene glycol) from PPE. The second mass loss at about 30 % started at a temperature above 475 °C for C29 and 436 °C for C30 and C32 and occurred till 580 °C and corresponds to the cleavage of TPA. It can be observed that by increasing the Li salt concentration, the thermal stability decreases. The thermal stability of membranes decreases with the Lithium salt content.
EIS data are presented in Fig. 1 as BODE diagrams. The overall impedance and the phase shift between applied voltage and answering current are both plotted against the frequency. The resistance of membranes calculated from Bode diagrams and the conductivity values are presented in Table 2 .
The conductivity of membranes increases with the increase of Lithium salt content in the membrane composition. An increase of Li salt content from 10 to 20 % wt in the membrane composition leads to the increase of conductivity only 2.5 times.
The ion transference numbers, T ion (Table 3) in the electrolytes were determined by monitoring the current as a function of time, when a fixed dc voltage (0.02 V) is applied across the sample sandwiched between two stainless steel electrodes and calculated with equation (2) . At the beginning (I 0 ), t = 0, the ions move and contribute to the current flow. The initial current should be close to that calculated according to Ohm's law with the electrolyte conductance and applied potential as input values. After steady state (I f ) is reached, only ions that can be depolarized provide the current flow from one electrode to another. In other words the number of active charge carriers is decreased and, as a result, the current value should decreases similarly:
The total ionic transference number was found to be over 0.99 in these polymer electrolyte systems and suggests that the charge transport in polymer electrolyte membranes C is predominantly due to ions. Lithium transference number (t Li ) was determined by monitoring the current as a function of time on application of a fixed dc voltage (0.02 V) across the sample sandwiched between two Lithium electrodes. The results obtained for C32 are presented in Fig. 2 .
For these polymer electrolyte systems the total ionic transference number was found to be over 0.99 and involves that the charge transport in these membranes is predominantly due to ions. Based on the experimental results for membranes, taking into account the characteristics of membranes at different Lithium salt content and 2.0×10 -6 3.0×10 -6 4.0×10 -6 5.0×10 -6 6.0×10 -6 7.0×10 the conductivity values of each membrane it was concluded that membrane C30 is better. The membrane C32 presents a higher conductivity but is opaque and brittle and is no promising for further applications. To increase the conductivity values at ambient temperature, without any structural modification, a polymer with nitrogen atoms as dispersing agent was used [9] . The complexation is an important step in membrane preparation and in practice this step is found to be complicated. A good dispersion is necessary in order to increase conductivity. Compounds with high dielectric constant enhance the conductivity of polymer electrolytes due to enhance of the dissociation of ion pairs of the salt. Small quantity of PANI can complex easily with the lithium salt and finally improve the dispersion of the salt in membranes and avoid the aggregation of charge carriers ( Fig. 3a and b) . As a result, an enhancement of the conductivity was achieved by an improvement of the conduction path. The polyaniline (PANI) amount used in formulation was under 0.3 % weight. The optical images show the formation of smooth surface of membrane by UV curing. No phase separation is observed for any membranes. This observation indicates the existence of intermolecular interactions between phosphate, acrylate and PANI moiety.
In Fig. 3a some crystal structures recognized as uncomplexed lithium salt was observed. In Fig. 3b lithium salt was better dispersed in the presence of PANI, since there is no crystal structure observed. In the membranes PANI chains are present in the interlayer spaces and are assumed to take a more extended and regular conformation than in its bulk form, to complex easily with the lithium salt thus enhancing the conductivity of the composites. It is in accordance with the tendency of band of ether unit (-O-) to shift to the lower wave number, in FT-IR spectra, as a consequence of increase complexation. PANI can interfere in the complexation step and improves substantially the conductivity. At higher concentration PANI due to the aggregation tendency of PANI particle, contacts for forming continuous conduction paths are limited and the benefic action upon conductivity is also suppressed.
Optimum quantity of PANI was determined experimentally and was found to be 0.15 % wt. At concentration up to 0.15 % wt the tendency of PANI to form aggregates is low and the conformational structure of polymer chain becomes more expanded, and easily complex the lithium salt. Adding 0.15 % PANI in the membrane formulation, a double increase in conductivity values was achieved at ambient temperature. With the increase of amount of PANI the conductivity decreases substantially due to the aggregation tendency of PANI particle, the contacts for forming continuous conduction paths are suppressed. (a) Solid-liquid phase transfer catalysis polycondensation was found to be a modern method for the synthesis of linear phosphorus-containing (co)polyesters [10] . Polycondensation of phenylphosphonic dichloride with poly(ethylene glycol) (PEG 12000) with and without bisphenol A in the presence of potassium phosphate was performed according to Scheme 3 [10] . The advantages of this method results from the absence of further purification step and affords the obtaining of the desired compounds in reasonable yield without the formation of unwanted side products.
Linear phosphorus containing (co)polyesters
The corrosively hydrochloric acid is retained by potassium phosphate without water formation (HCl + K 3 PO 4 → KCl + K 2 HPO 4 ). The polymeric structures were supported by the 31 P-NMR and FT-IR and the thermal stability of the (co)polymers 4a-c was determined by the thermogravimetric analysis and flame retardancy. Limiting oxygen index (LOI) was determined for polymers according to modified ASTM D2863-1997 and for membranes according to ASTM D2863-1997.
Chemical shifts of the -CH 2 -OCH 2 -group were in the range of 3.4-3.7 ppm and the resonance of the phenyl group falls in the range 6.2-7.9 ppm. The 31 P-NMR spectra of polymers presented in Scheme 3 present two signals due to the P in the repeat unit and one due to the P at the chain end (4a and 4c). The copolymer 4b presents two signals correspond to the P in the repeat unit and one to the P at the chain end. The presence of phosphorus is corroborate with elemental analysis and the 31 P-NMR spectra, % P content of these polymers is in agreement with the calculated values. In FT-IR spectra the absorptions observed at around 1240-1280 cm −1 correspond to ν P=O which is typical of phosphonate ester compounds. Co(polymers) showed absorptions around 1180 and 960 cm −1 corresponding to P-C arom stretching. The number average molecular weight from the GPC measurements showed for these linear phosphorus containing (co)polyesters a molar mass in the range of 5400-26300 Da. Compared with char content at 550 °C for pure PEG 12000 (0.8 %) at the same temperature in the case of co(polymer) 4c the char yield is related to the phosphorus percent in units of mer at 550 °C and is higher and indicates an improvement of the flammability of copolymers. Also, the presence of phosphorus in 4b increases the char content at 550 °C (2.3). Their potential application as fire retardant materials was validate by LOI measurements an accurate method for determining the relative flammability of materials by measuring the minimum concentration of oxygen required to support combustion. The LOI values of these linear co(polymers) were situated in the range 28-38 and the values are comparable with other polyphosphonates and polyphosphates. The co(polymers) 4a and 4b were tested candidates for solid polymer electrolytes. After the complexation with Li triflate, the ionic conductivity and transference ion number were evaluates by impedance spectroscopy. The ionic conductivity (σ) value was calculated at room temperature according to Equation (1), from Bode plots. Based on plots of the polarization current versus time the total ionic transference number was calculated with Equation (2). It was observed that these linear co(polymers) containing polyesters present conductivity for membrane 4a/LiCF 3 . Also, in the case of membrane 4b/LiCF 3 SO 3 the conductivity is similar to the value mentioned for the (PEG)xLiClO 4 system [11] . Total ionic transference numbers were 0.826 and 0.999 for 4a/LiCF 3 SO 3 and 4b/LiCF 3 SO 3 , respectively. The charge transport in these polymer electrolyte membranes is predominantly due to ions. b) Linear phosphonate-PEG polymers were synthesized by polycondensation of 4-chlorophenyldichlorophosphonate as a linking agent and poly(ethylene glycol)s having different molecular weights (MW of 200 and 2000) according to Scheme 4 using 1-methylimidazole as an acid scavenger [12] . The novelty of this study is the synthesis of new solid polymer electrolytes using 1-methylimidazole as an acid scavenger, when is obtained an ionic liquid, in order to improve the increasing of the molar weight and reducing of plant corrosion.
When 1-methylimidazole is used as acid scavenger, an ionic liquid is formed: 1-methyl-imidazolium chloride. 1,3-dioxolane was added as green solvent for providing a better mixing and a easy heat transfer of the exothermal reaction. Polymeric structure was supported by %P, IR and . The conductivity value is higher than the value observed for pure PEG 2000 about 1.67 × 10 −9 S·cm −1 and close to the value reported by Singh and Bhat for (PEG)xLiClO 4 system [11] . The total ionic transference number was found to be in the range of 0.94-0.96 and charge transport in linear phosphonate-PEG (MW 2000 with 10 % Litriflate) polymer electrolyte membrane is assure by ion species. c) New polymers containing phosphorus groups and polyethers were developed [13] , and two new series of solid polymer electrolytes (SPEs) according to the reaction presented in Schemes 5 and 6, respectively in order to reduce the risk of fire in Lithium-ion battery. PPEs contained phosphonate moieties (cycloheyldichlorophosphonate (CHDP)) as linking agent and two diols: PEG (MW 6000) and poly(tetramethylene glycol) (PTMG) in PPE I, (Scheme 5) and PEG (6000) and 4,4′-cyclohexylidenebisphenol (bisphenol Z, BZ) in PPE II (Scheme 6). Polycondensation was carried out in solution in the presence of triethylamine (TEA) as scavenger of HCl side product (PPE Ia-IIa) and in the absence of any acid acceptor (PPE Ib-IIb).
Higher yield values were obtained for the route with amine. The presence of amine as acid scavenger reduces the obtaining of side products. For all polymers the inherent viscosities were situated in the range 0.80-1.8 dL/g and the average molecular weight numbers were found to be in the range of 15 000-24 000 g/mol. The high inherent viscosity is correlated with the average molecular weight obtained by Mn value from GPC measurements. Higher molar masses were obtained for all linear polyphosphonates in the presence of TEA, which is able to limit the formation of side products and also, narrowed the polydispersity, most probable due to the absence of side reaction during polycondensation. Synthesized compounds were tested as flame retardants using LOI method and they showed LOI values in the range 26-28 [13] .
After the complexation with Li triflate these polymers PPE I and II were analyzed as candidates for solid polymer electrolytes. It was observed that the conductivity increases with the increase of Lithium salt content from 5 to 20 % at room temperature. The increase of conductivity by adding 20 % of Lithium salt gives only a slighter increase of conductivity comparatively with 15 % of Lithium salt, behavior attributed to the decrease of the number of charge carriers. The PPE with 15 % Lithium salt membranes presents higher conductivity value than the conductivity observed for pure PEG 2000 [12] . The total ionic transference number was found to be for these membranes in the range of 0.87-0.97. The obtained value point out that the charge transport is predominantly ions in both type of membranes and is higher for membranes based on PPE-Ia. The structure of PPE was reflected in the conductivity value. Based on experimental data it was concluded that the polymer contains PEG and PTMG glycol unites (PPE-Ia) facilitate better ion transport comparatively with copolymers containing bisphenol Z(PPE-IIa). The results demonstrated that the presence of aromatic units from bisphenol Z, decreases the electron conduction, as the main chains are conjugated. Polyphosphoesters base on polypropylene glycol were synthesized in two successive steps; in the first step mono 1,4-butanediolmonolacrylate phosphoric dichloride was obtained followed by esterification of this intermediate with poly(propylene glycol); UV curing of polyphosphate provides membranes with smooth surface and good Lithium salt complexation and thermal stability over 200 °C; The total ionic transference number was found to be over 0.99 in these polymer electrolyte systems and suggests that the charge transport in polymer electrolyte membranes C30 is predominantly due to ions and the lithium transference number is under 0.5; The conductivity increases with the temperature, indicating a thermally assisted conductivity mechanism with activation energy of 0.27eV; PANI can be used to serve as a disperse agent and enlarge the dissociation of lithium salt in polymer matrix, due to the nitrogen sites to improve the dissociation of ion pair of the salts in polymer matrix. The PANI avoids the aggregation and as a consequence the concentration of free ions was increased. Such membranes were proved to present the conductivity at room temperature higher than free-PANI polymer matrix and a conductivity of 1.05 × 10 −4 S·cm −1 at 50 °C. Different polycondensation methods were used: (a) solid -liquid phase transfer catalysis, (b) solution polycondensation in the presence of 1-methylimidazole as acid scavenger and (c) in the presence of triethylamine (TEA) as scavenger of HCl.
Phase-transfer catalysis method, in a solid-liquid system, was applied for the first time in the synthesis of phosphorus solid polymer electrolytes, as an eco-friendly and economical procedure using potassium phosphate.
Phosphorus-based electrolytes that are safe and non-flammable were synthesized. Linear solid (co) polyphosphonates were synthesized by polycondensation of phenylphosphonic dichloride with poly(ethylene glycol) with and without bisphenol A. The properties of the (co)polymers such as thermal stability and flammability were investigated. Ionic conductivity of (co)polyphosphonates 4a,b was investigated too.
These compounds showed LOI values in the range 28-38. The 4b/LiCF 3 SO 3 electrolyte exhibited ionic conductivity of 6.37 × 10 −7 S·cm −1 at 25 °C. Also, the total transference number closely to unitary of this membrane indicates that this (co)polyphosphonate can be considered as a candidate for solid polymer electrolytes.
New polymers containing phosphorus groups and polyethers were developed. Novel polymer electrolytes were synthesized by solution polycondensation of 4-chlorophenyldichlorophosphonate and PEG with different molecular weights (MW of 200 and 2000). Triethylamine and 1-methylimidazole as acid scavengers were used. A convenient method for synthesizing phosphonate-PEG polymers by adopting 1-methylimidazole as an HCl scavenger is presented. Best results (yield 88 %, inherent viscosities 0.48 dL/g and Mn 2.6) were obtained with PEG 2000 when 1-methylimidazole as an acid scavenger was used. These polymers and membranes based on these polymers showed good LOI values (in the range 23-29, 30) and indicates an improvement of the safety of lithium batteries. The membrane based on PEG/ CPPD/LiCF 3 SO 3 showed elasticity modulus of G′ = 5.74 × 10 7 Pa, the breaking appeared at frequency of ω = 75.95 rad/s.
Linear new polyphosphonate random copolymers composed of phosphonate (cycloheyldichlorophosphonateas a linking agent with poly(ethylene glycol) and (tetramethylene glycol) (PPE I) and poly(ethylene glycol) and bisphenol Z (PPE II) were synthesized. Using TEA as acid scavenger the reaction yield, the inherent viscosity and polymer molar mass increase and reduce polydispersity. The presence of the phosphonate groups reduces flammability of the polymers and membranes.
The polymer matrix with PEG units seems to be more capable to reduce the apparent activation energy for ion transport comparatively with polymer matrix contained bisphenol Z and PEG units. An optimum composition with good results was obtained for the PPE-Ia/Li membrane with 15 % Lithium triflate due to suitable balance between alkyl unit and salt content.
